I. INTRODUCTION

I
N RECENT years, improving the efficiency of solar cells (SCs) is an essential part of the core research in the photovoltaic field [1] - [3] , [5] . Amongst different SC materials and structures, GaAs SCs are receiving more attention due to their theoretical power conversion efficiency limit of 33% [1] , [3] , [4] , even though the multijunction SCs diluted the interest in GaAs single junction SCs. Despite the ability to generate high shortcircuit current and open-circuit voltage [1] , [4] , performance has not reached its theoretical potential due to the reflection of more than 35% of incident light [5] , [6] . In order to suppress the reflection, several antireflection techniques were carried out, including subwavelength structures [7] - [16] , plasmonic surface [17] , surface passivation [18] , single quarter wavelength [12] , and multilayer coating [19] . Among all these techniques, subwavelength structures emerged as a successful method due to the characteristics of gradual variation of the refractive index or the so-called moth-eye effect [7] , [8] , [10] , [15] , [16] , [20] .
The moth-eye effect inspired by the naturally evolved cornea of certain moth species is incorporated by nanotip arrays of protuberant structures [10] , [16] .
The surface of the moth's eyes provides a gradual decrease of refractive index from their cornea to the surrounding medium in order to suppress the reflection of the incident light. Among the antireflective subwavelength structure fabrication methods, the bottom-up deposition [12] - [15] , [19] , [22] is preferable to its top-down [7] , [8] , [10] , [11] , [16] counterpart due to its simplicity, lithography-free process, and economical point of view [12] , [13] , [19] , [21] , [22] . Several bottom-up antireflection schemes on GaAs SC were reported by using Si 3 N 4 /SiO 2 /ZnO nanorod [12] , indium tin oxide nanocolumns [13] , ZnO nanoneedle [22] , and TiO 2 /nanoporous SiO 2 [19] . The power conversion efficiency enhancement obtained using these schemes is less than ∼35%. Despite superior antireflection properties of the reported schemes [12] , [13] , [19] , [22] , the coupling of multiple discrete layers by a single deposition process has yet to be achieved. For example, Yeh et al. [12] , Yan et al. [19] , and Wu et al. [22] fabricated multilayer nanostructured antireflection coating (ARC) by incorporating either radio-frequency (RF) sputtering, oblique angle electronbeam, or chemical deposition in each layer. In addition, Yu et al. [13] reported indium tin oxide nanocolumns using high temperature (above 300°C), usually intolerable in practical SC application. On the other hand, ZnO nanostructure arrays synthesized by hydrothermal method hold promising potential due to low growth temperature (< 90
• C), high growth rate (> 1000 nm h −1 ), and lithography-free processes [2] , [23] . Recently, the ZnO nanostructure, coupled with a single quarter wavelength coating (reflection minimized for a single wavelength), including Si 3 N 4 , and AZO was substantiated in [12] and [22] as broadband ARC for the SC. A material with refractive indices on the order of n ∼ 2 [24] , such as tantalum pentoxide (Ta 2 O 5 ), can be an alternative for a single quarter wavelength coating. Previous investigations on Ta 2 O 5 include corrosion protection coating [25] , electrochromic devices [26] , dielectric spacers for metamaterial, and plasmonic couplers [27] , [28] . An early attempt by electron beam deposition of a single layer Ta 2 O 5 coating on a silicon SC was reported with an efficiency enhancement on the order of 23% [29] . However, Ta 2 O 5 antireflection coating using sol-gel method limits due to the high instability of the sol-gel particle, which originates from a fast hydrolysis of tantalum precursor [30] , [31] . Therefore, sol-gel stabilization is a crucial parameter for the synthesis of Ta 2 O 5 antireflection coating. Moreover, ZnO nanostructure coupled with Ta 2 O 5 was not implemented, which could provide antireflection characteristics beyond the aforementioned performances.
In this paper, we report a broadband antireflection scheme fabricated on a GaAs SC involving a hydrothermal deposition of tapered ZnO nanoneedle arrays on top of a sol-gel Ta 2 O 5 coating layer. A modified sol-gel method was developed to obtain an air stable Ta 2 O 5 solution. The thickness of Ta 2 O 5 was optimized in order to achieve a single quarter wavelength coating, which suppressed the reflection at a single wavelength. In addition, hydrothermally grown ZnO nanoneedle arrays were optimized by investigating several growth parameters including pH and growth time to obtain tapered dimensions. The combined antireflection structure significantly increased the performance not only in reflectance or transmission spectra but in current-voltage (I-V) characteristic and external quantum efficiency (EQE) measurements as well.
II. EXPERIMENTAL SECTION
A. Tantalum Pentoxide Sol-Gel Synthesis
The sol-gel method of Ta 2 O 5 adapted from Wolf et al. [31] and modified by changing the solvent, the ratio between the precursor, and hydrolysis component to prevent gelation and to obtain air stable Ta 2 O 5 solution. The sol-gel solution was prepared by dissolving 0.53 mL tantalum ethoxide in 8 ml 2-methoxyethanol by 1:50 molar ratio. Diethanolamine (0.78 mL) was added in the precursor solution and stirred for 2 h to complete the polymerization reaction. The hydrolysis process was completed by adding DI water (0.23 mL) and stirred for half an hour. The molar ratio between tantalum ethoxide, diethanolamine, and DI water was kept 1:4:5. The presence of Ta 2 O 5 in the sol-gel was confirmed by measuring the microRaman spectrum (supporting information Fig. S1 ). A 90-nm-thickness Ta 2 O 5 single quarter wavelength coating is obtained by spin coating at 6000 r/min and annealed at 150°C in air for 20 min.
B. Zinc Oxide Nanoneedle Growth
The ZnO nanoneedle arrays were grown according to a previously established method [2] . The ZnO sol-gel for a seed layer were prepared by mixing 0.3 M zinc acetate dehydrate and 0.3 M ethanolamine in 2-methoxyethanol. The ZnO seed layer on top of Ta 2 O 5 coating is obtained by one spin coating cycle at 4000 r/min. The growth solution of ZnO nanoneedle was prepared by 0.025 M solution of a zinc nitrate hexahydrate and 0.025 M solution of hexamine in equal volume of DI water. The aqueous bath solutions pH was controlled by adding diaminopropane and adjusted to 12 in the final growth solution (Appendix Fig. S2 and Fig. A2 ). To grow the nanoneedle arrays, GaAs SC coated with Ta 2 O 5 and ZnO seed layer were placed upside down in the aqueous solution bath at 85°C. After the growth period of 3 h, the SC was rinsed thoroughly with DI water, dried under nitrogen, and annealed in ambient atmosphere at 150°C.
C. SC Fabrication
The GaAs p-n junction SC structure was grown by using a molecular beam epitaxy technique. Beryllium and silicon were used for p-type and n-type dopant, respectively. The p-type front metal contact is formed using Au/Zn/Au deposition, while n-type back metal contact is formed using AuGe/Ni/Au deposition. The fabrication process of the GaAs SCs was introduced in previous report [32] . During the metal deposition process the E-beam evaporator substrate was kept at 100°C. The active area of the SC device was 0.075 cm 2 .
D. Material and Optical Characterization
Scanning electron microscopy (SEM) imaging was performed using Nova nanolab-250 in immersion mode at 15 kV. The refractive index and reflection spectra were measured by using a J. A. Woolam VASE ellipsometer. The ellipsometer light source was adjusted to the sample with incident angles of 15°, 30°, and 60°. The transmission and absorbance spectra were measured using a Cary 500 UV-Vis spectrophotometer. A double-side polished semi-insulating GaAs substrate was used in the reflection and transmission spectra measurement.
E. Device Characterization
A Keithley 4200 semiconductor characterization system was used to measure I-V characteristics of the SCs in conjunction of four sun AM 1.5 solar simulator. The spectral response measurements were recorded by using a Bruker FS 125HR FTIR spectrometer, and the EQE measurements were obtained by using Oriel IQE 200 spectrometer.
III. RESULT
The structure of GaAs SC is shown in Fig. 1(a) . In order to compensate the reflection from the GaAs top surface, a novel antireflection structure which consists of a Ta 2 O 5 layer and ZnO nanoneedle arrays is utilized as a bilayer antireflection coating. The hierarchical surface texturing of Ta 2 O 5 layer and ZnO nanoneedle arrays is shown in Fig. 1(b) . The SEM image reveals the average length of the ZnO nanoneedle to be about 1.2 μm and tapered dimension on a 90-nm-thick Ta 2 O 5 layer. The pH and growth time were adjusted in order to obtain the tapered dimension (see Fig. A1 and Fig. A2 in the Appendix). The ZnO nanoneedle tip diameter is controlled by increasing growth time as shown in Fig. 1(c) and (d) . The area density (d A ) and tip diameter of nanoneedle arrays estimated of 100 nanoneedles/μm 2 and 5-10 nm are shown in Fig. 1(c) and (d), respectively. As seen from the figure, the nanoneedle tip diameter reduced due to the gradual depletion of the zinc nitrate hexahydrate precursors and also the presence of diaminopropane in the growth solution. The SEM images clearly show tapered shape ZnO nanoneedle structure, which is preferable for SC ARC applications compared with a rod like shape due to a graded refractive index effect [12] , [15] , [21] .
The layer by layer deposition of an antireflection structure was characterized by using the Raman spectroscopy. The Raman spectrum of Ta 2 O 5 , obtained by a sol-gel spin coating on a cleaned glass slide and baked at 150°C in ambient air, is shown in Fig. 1(e) The bandgap of the sol-gel grown Ta 2 O 5 layer and hydrothermally grown ZnO nanoneedles are measured from the absorption peak observed at 315 and 345 nm, respectively, as shown in Fig. 2(a) . The absorbance spectra of Ta 2 O 5 and ZnO nanoneedle indicate the bandgap of around 3.95 and 3.6 eV, respectively, which are transparent in the SC working spectral region of λ > 350 nm. The refractive indices of a bare GaAs substrate, Ta 2 O 5 , and ZnO planar coating measured between 400-870 nm, are shown in Fig. 2(b) . The refractive index of GaAs at 650 nm is ∼ 3.7 and that of the Ta 2 O 5 film is ∼ 1.90. The refractive index of planar ZnO coating is ∼ 1.7 measured for a filling factor (the ratio of the area covered by nanoneedle arrays to the total substrate) of 1. The surface morphology of ZnO nanoneedle arrays with shrinking effective volume to top surface gradually changes the refractive index according to the effective medium theory [26] 
where f is a filling factor that depends on the growth direction, and n ZnO ∼ 1.7 is the refractive index of ZnO layer corresponding to a filling factor of f = 1. The effective refractive index (n eff ) of ZnO nanoneedle arrays gradually reduced from 1.7 at the bottom to ∼1.2 at the top of the nanoneedles with a filling factor of f ∼ 0.2. As the filling factor of ZnO nanoneedle decreases from the bottom to the top, the refractive index smoothly changes toward the air. In other words, the surface morphology of ZnO nanoneedle coupled with Ta 2 O 5 (n ∼ 1.9) can play a key role in suppressing the reflection by gradual reduction of refractive index away from the GaAs substrate. While the incident sunlight impinges on the SC from different directions during the day, an omnidirectional ARC is desirable over wide angles of incidence. The omnidirectional and broadband antireflection characteristics of a single layer and a bilayer coating on GaAs substrate compared for angles of incidence from 15°to 60°are shown in Fig. 3(a) . The average reflectance of the bare GaAs substrate was measured around 35%. A 90 nm thickness of Ta 2 O 5 layer was chosen, which is around quarter wavelength thickness for a refractive index of 1.9 according to [19] d = λ min /4n ARC , where λ min ∼ 680 nm is the wavelength at the minimum reflection, and n ARC and d are the refractive index and thickness, respectively. From the reflection spectra, a single-layer Ta 2 O 5 coating suppresses the reflection to about 3% for a single wavelength at the angle of incidence of 15°. The refection minima show blue-shift at large incidence angles since the Ta 2 O 5 coating layer behaves optically thinner than 90 nm. On the other hand, the average reflectance of ZnO nanoneedle on top of Ta 2 O 5 layer is less than 0.6% over a broad spectral range and shows insensitivity to the angle of incidence. The tapered nanoneedles coupled with Ta 2 O 5 predominantly suppress the reflection due to a gradual reduction of refractive index. In other words, the ARC performance strongly depends on the nanoneedle tip diameter and the presence of the high refractive index layer of Ta 2 O 5 in order to suppress the reflection for broadband spectral range (see Fig. A3 in the Appendix).
The reflection spectra clearly demonstrate that the hierarchical ZnO nanoneedle arrays on Ta 2 O 5 coating can suppress the undesired reflection for a wide range of wavelength and angle of incidence. In addition, the transmission spectra were measured in the wavelength region of 800-2400 nm and are shown in Fig. 3(b) . The transmission spectra reached their maximum of 65% for the bilayer coating compared with the pristine GaAs substrate of 54%. The sharp drop around 870 nm is due to the band edge of the GaAs substrate. The transmission spectra confirm an increase in photon transmission through the GaAs substrate when ZnO nanoneedles/Ta 2 O 5 bilayer coating is coupled to it. The I-V characteristics of single layer and bilayer antireflection coatings on GaAs p-n junction SCs were measured using a four sun AM 1.5 solar simulator. The obtained SC performance is summarized in Table I . As seen in Fig. 4 , a singlelayer Ta 2 O 5 coating increased the power conversion efficiency (η) on the order of 33% from 8.55% to 11.4%. On the other hand, ZnO nanoneedle coupled with a Ta 2 O 5 bilayer coating showed η enhancement on the order of 50% from 8.55% to 12.8%. No enhancement was observed in the open-circuit voltage (V oc = 1.03 V); thus, the SC η enhancement was due to the increase in the generated photocurrent, which was evident from the short-circuit current density (J sc ) enhancement of 52% from 47.14 mA/cm 2 to 71.4 mA/cm 2 . The fill factor remained the same at 0.71 after the bilayer coating compared with pristine, which indicates the junction of the SC, does not degrade due to the presence of a high pH (∼ 12) ZnO nanoneedle growth solution.
The EQE spectra measured between 380-1000 nm are shown in Fig. 5 . The EQE of the GaAs SC coated with single-layer Ta 2 O 5 coating showed highest enhancement on the order of 30% in 600-750 nm range, which is consistent with the reduced reflectance at the same wavelength range. The ZnO nanoneedle/Ta 2 O 5 bilayer coating enhances the average EQE by about 60% over the measured spectral range. The significant enhancement in the EQE, with a bilayer coating was due to the higher generated photocurrent, originates from the suppression of reflectance to less than 1%.
IV. DISCUSSIONS
The enhancement in the power conversion efficiency of the SC is due to several reasons. First, the hierarchical surface texturing with a high to low refractive index gradient combined with a planar Ta 2 O 5 coating and ZnO nanoneedle bilayer ARC, increased the optical transmission through the device. The specular reflection less than 1% and the absence of interference fringes in reflection and transmission spectra confirmed the superior antireflective properties of the bilayer coating. Second, introduction of Ta 2 O 5 with refractive index of 1.9, which is an ideal single-layer ARC for GaAs, is given by [36] √ n GaAs × n air . Third, the tapered shape ZnO nanoneedle leads to a gradual decrease of the refractive index from ZnO to air through the moth-eye effect [10] , [12] , [15] , [35] . The effective refractive index (n eff ) of the nanoneedle arrays decreases as the area of the nanostructure is reduced from bottom to tapered shape top surface. The tapered shape is attributed to the gradual depletion of the zinc nitrate hexahydrate precursors and high pH (∼ 12) due to the presence of diaminopropane in the growth solution. Fourth, the band edge of both Ta 2 O 5 (E g ∼ 3.95 eV) and ZnO nanoneedle (E g ∼ 3.6 eV) are less than 350 nm, which can effectively transmit the solar spectrum in near ultraviolet, visible, and near infrared region. The overall performance enhancement obtained by using ZnO nanoneedle/Ta 2 O 5 bilayer coating is better than the performance reported [12] , [13] , [19] , [22] by using different combination of nanostructured surface texturing schemes on GaAs-based SCs, as shown in Table II . The significant enhancement compared with other surface texturing approach predominantly originates from the increased photon transmission by the subwavelength dimension ZnO nanoneedle geometry and coupling to a single quarter wavelength Ta 2 O 5 coating. The increase in photon transmission leads to a further excitation of electron that increases the generation rate of the photo-excited charge carriers.
V. CONCLUSION
In conclusion, the efficiency enhancement due to a bilayer layer ZnO nanoneedle/Ta 2 O 5 antireflection coating was investigated for GaAs p-n junction SCs by employing I-V and EQE measurements. A modified sol-gel synthesis of Ta 2 O 5 was developed and the layer thickness was optimized to minimize the reflection at a single wavelength. By controlling the pH of the growth solution, tapered ZnO nanoneedles were obtained in order to provide a graded refractive index effect. The present antireflection structure played a key role in suppressing the reflection for a broadband spectral range. The bilayer coating resulted in about 50% power conversion efficiency enhancement of the GaAs SC. The enhancements in the device performance were attributed to the increased photon transmission by the subwavelength dimension of ZnO nanoneedle structure that was coupled to a single quarter wavelength Ta 2 O 5 coating layer. The bilayer structure and the fabrication technique for antireflection coating are inexpensive, as compared with other techniques, such as sputtering, and e-beam evaporation and, thus, can be implemented in mass production in the photovoltaic industry.
APPENDIX
The Appendix includes details of the pH and growth time control for ZnO nanoneedle and the reflection spectra comparison for tapered and nontapered ZnO nanoneedle on Ta 2 O 5 .
